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ABSTRACT

The capacitive coupler, acoustic emission (AE) sensor and radio frequency current
transducer (RFCT) have been used to detect partial discharge (PD) activity within
a 132 kV prefabricated cable joint containing a known defect. Although each of the
three methods has been applied individually under different situations, a compre-
hensive investigation and comparison of these three methods has not yet been made.
Results obtained were compared to measurements made using the conventional
electrical detection method. The quantification of the capacitive coupler measured
signal in mY with a discharge apparent quantity in pC has been investigated and
an on-line quantification method proposed, The capacitive coupler has good detec-
tion sensitivity and PD location can be realised by studying the time of flight be-
tween signals from two sensors. The difference in pulse shape, spectrum and time
of flight between an internal discharge and external interference has been investi-
gated. The AE approach has the advantage of being free from electrical interfer-
ence. However, investigation indicated that AE signals were significantly attenu-
ated within the cable joint. RFCTs were used to detect the discharge current flow-
ing through the cable sheath. Where the deiection sensitivity was low, a wavelet
de-noising method was applied to process the RFCT signals and proved to be effec-
tive in increasing the measurement signal to noise ratio.

1 INTRODUCTION

EFECTS within polymeric insulation of HV cables

and cable joints such as voids, contaminants, or pro-
trusions, can lead to partial discharge (PD) activity. It is
important to monitor partial discharges within cables and
joints and eliminate their cause, so that irreparable dam-
age, possibly resulting in system failure, can be avoided.
Cable joints are often installed on-site in less than ideal
conditions. Defects that generate PD are more likely to
exist within cable joints than in the cable itself.

PD activity generates both physical phenomena and
chemical changes within the dielectric material. PD activ-
ity can cause the transmission of acoustic, electrical and
optical energy. This can be detected and analysed using
various methods to ascertain the presence of PD activity.
Typical values obtained from these emissions are very
small, typically signal magnitudes are often close to back-
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ground noise levels and in the case of optical and chemi-
cal methods their detection suffers from a low sensitivity
(1].

Conventional electrical PD testing has been used for
many years to evaluate cable quality [2,3]. Such tests are
generally performed off-line within a well-screened labo-
ratory, under applied voltages higher than the normal op-
erational voltage, The test circuit should be able to detect
the permissible discharge quantity regulated for the test
object. However, sometimes the purpose of PD measure-
ment is to detect any deterioration of the apparatus dur-
ing normal use, through on-line monitoring. Noise and in-
terference can be severe under operating conditions and
the measurement must be made at the normal operating
voltage. Thus it is more difficult for on-line monitoring to
detect small discharges during the initiation of insulation
deterioration, However, when the deterioration reaches a
certain level, warnings should be given in order to prevent
the occurrence of breakdown. Apart from faults in cables
and cable accessories due to long-term aging effects,
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spontaneous faults or breakdown can occur. It is impor-
tant that on-line monitoring can detect new arising de-
fects.

PD on-line monitoring for cable systems has been inves-
tigated by means of non-conventional electrical coupling
approaches. These methods are based on detecting the
high frequency characteristics of the discharge pulse. PDs
can be considered as electromagnetic pulses travelling
along the cable and the coaxial structure of the cable acts
-as a wave-guide for the electromagnetic wave. The semi-
conducting screens of the cable result in severe attenua-
tion of the high frequency components within the dis-
charge pulse.

‘There are various non-conventional coupling methods,
for example:

{1) A coaxial cable sensor can be installed at the cable
joint [4]; the sensor and the cable dielectric form a high
frequency voltage divider consisting of the capacitance of
the cable section and the sensor. It is possible to measure
a discharge pulse by connecting a measuring impedance

across an interruption in the metal earth screen of the
cable [5,6]. )

(2} Inductive coils can be clamped around the cable to
detect the magnetic fields due to PD activity [7-9],

(3) Radio frequency current transducers (RFCT) can be
used to detect the discharge current that flows through a
conductor connecting the cable metallic earth screen to a
grounding point. This technique has been widely applied
to cable terminations [10,11], as well as cable joints [12,13].

(4) Directional coupling sensors can be placed on either
side of a cable joint to detect partial discharges from within
it [14-17].

For the capacitive coupler, directional coupling sensor
and screen interruption methods it is necessary to remove
a section of the outer metal earth screen to obtain a dis-
charge measurement, The sheath interruption limits the
short circuit current handling ability, especially for the
screen interruption method where a measuring impedance
is connected across the inferruption. For on-line measure-
ments, it is necessary to either place the measurement
impedance across an inductor that can handle the short
circuit current or to use over voltage protection in parallel
with the impedance [5]. Inductive coupler detection of
magnetic fields due to a discharge activity is more suitable
for cables that have a helical shaped metal screen of indi-
vidual wires. This is because the discharge pulses are
forced to follow the helical wire resulting in a relatively
high magnetic field outside the cable, which can be de-
tected using a single-turn open loop inductive coupler
without a magnetic core [7,8]. In solid shielded cables,
however, the magnetic fields generated by PD activity out-
side the cable are much lower. In such cases a high fre-
quency current probe with magnetic core can be applied
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around the cable [9]. Inductive sensors are easy to use and
no modification of the cable is necessary. As the inductive
sensor output signal magnitude is proportional to the rate
of change of the magnetic flux through the sensor loop, a
pulse which has had its higher frequencies attenuated is
hard to detect and this limits the detection sensitivity.

- RFCTs detect the discharge current flowing to earth and

are also easy to apply, requiring no modification of the
cable system. The quantification or sensitivity check of a
RFCT usually requires the injection of a calibration pulse
into a cable termination. Consequently sensitivity checks
are problematic for on-line measurements because the
higher frequencies of the calibration pulse are signifi-
cantly attenuated between the termination and the joint
under test [13] Directional coupling sensor techniques al-
low discrimination between PD internal to the cable joint
and external pulses by analysing their direction of propa-
gation. Careful optimisation is needed to combine good
sensitivity with sufficient directivity [17]. A common prob-
lem with all of the non-conventional electrical P} detec-
tion methods is their susceptibility to electrical noise and
interference.

When a PD occurs within the cable insulation, some of

~ the discharge energy is emitted as acoustic energy. The

percentage of the total discharge energy that is acoustic
energy is very difficult to calculate, and it is material de-
pendent. It is generally estimated to be very small and has
been gquoted as less than 1% [18]. Acoustic measurements
of PD activity rely on the detection of a pressure wave
formed from a sudden deformation within the electrically
stressed material. The acoustic emission (AE) approach
has a distinct advantage of being immune to electrical in-
terference; it is also easy to apply and consequently is a
potential method for PD on-line monitoring. However,
acoustic waves attenuate during propagation through ca-
ble materials and interfaces, and this may result in low
detection sensitivity, Due to the attenuation of the acous-
tic wave it is difficult to quantify any PD on-line measure-
ment in terms of apparent charge. However, acoustic
emission techniques have been applied to PD detection
and location in cables and cable accessorics [19-22}

This paper investigates experimentally the application
of several potential on-line methods, namely the use of
capacitive couplers, acoustic emission sensors and radio
frequency current transducers for PD detection within a
132 kV prefabricated cable joint containing a known de-
fect. The three methods were selected on grounds of cost,
availability and the fact that they have been widely ap-
plied to PD detection within cable joints. Although each
of the three methods has been applied individually to PD
detection under different situations, a comprehensive in-
vestigation and comparison of these three methods has
not yet been made. Furthermore, comparative informa-
tien on the detection, location, quantification and identifi-
cation of PD can he nbtained if several different methods
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Figure- 1. Schematic-diagram of the PD test arrangement.

are‘applied simuitaneously rather-than individually to the
joint under test: S

2 MEASUREMENT SYSTEM

The measurement system is shown in Figure 1, Two 132
kV cable sections were connected by a prefabricated cable
joint. The main insulation material of the cable joint is
ethylene propylene rubber (EPR), whereas the cable insu-
lation is cross-linked polyethylene (XLPE). The cable ends
were connected to oil-filled cable terminations. Conven-
tional electrical PI> detection was applied to provide the
discharge apparent quantity using a Robinson model 5
type 700 PD detector. The acoustic emission sensor was a
piczoclectric device with a sensitivity of —68 dB (ref.
10V/Pa} and a resonant frequency of 150 kHz. The AE
sensor output was comparatively small and therefore it was
amplified using a preamplifier with frequency range of
20-1200 kHz and 40/60 dB selectable amplification gain.
A power supply unit, which can be operated by mains or
by battery, provided the 28 V dc supply voltage for the AE
preamplifier. A wide band amplifier with frequency range
of 0.01-500 MHz and amplification gain of 24 dB was used
to amplify the capacitive coupler signals. The surge pro-
tector (sp) has a maximum operating frequency of 1 GHz
and a response time less than 10 ns. The surge protector
was used to protect the measuring system from any possi-
ble over-voitage during the PD tests. The digital oscillo-
scope has a maximum sampling rate of 5 G Samples/s and
analogue bandwidth of 1 GHz. In addition to the acoustic
emission sensor and the capacitive coupler, two ferrite-
core radio frequency current transducers with frequency
response of 2.5 kHz-150 MHz or 10 kHz-200 MHz were
also applied. A Pentium II 233 MHz computer was used
to post-process the measurement data. The signal process-

ing and analysis software were developed using a commer-

cial mathematics programming environment.

Figure 2 shows the arrangement-of capacitive coupler,
acoustic emission sensor and RFCT. The acoustic emis-
sion sensor was bound onto the cable joint by mechanical
pressure and silicon grease was applied between the
acoustic emission sensor and the joint surface, to reduce
the air gap that causes acoustic interface attenuation. In
order to detect the discharge current flowing to earth, the
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Figure 2. Arrangcrhcnt of capacitive coupler, AE sensor and RFCT.

RFCT was placed around a conductor that connected the
cable sheath to the system earth. Capacitive couplers were
installed on the cable section close to the cable joint. To
reduce the influence of electromagnetic interference, the
capacitive couplers were screened.

Prior to creating a fault within the joint, the measure-
ment system was thoroughly tested to ensure that it was
discharge free up to 160 kV. The joint was then disman-
tled and conducting paint in the shape of a ‘v’ was in-
stalled on top of the cable XLPE between the cable joint
stress cone (conductor) and the cable joint cuter semi-
conducting layer. This acted as the PD source within the
cable joint.

3 CAPACITIVE COUPLER
MEASUREMENTS

3.1 CAPACITIVE COUPLER AND
EQUIVALENT CIRCUIT

The capacitive coupler is shown in Figure 3. A 100 mm
long section of the cable metal sheath was removed, and
40 mm wide tin tape was wrapped around the exposed
cable .outer semicon screen. The tin tape acts as the cou-
pler sensor. The use of different sensor materials such as
aluminium were also investigated, results obtained indi-
cate that the coupler output magnitudes and waveforms
are similar. The coupier does not disturb the insulation
system because the relatively high potential electrode of

screen  semicon  Insulation coupler condustor semicon
sensor

coupter output

Figure 3. Diaeram of a capacitive coupler.
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Figure 4. Equivalent circuit of the capacitive coupler.

the coupler is attached on top of the outer semicon layer
which serves as the power frequency ground, leaving the
internal field distribution of the cable unaffected. The
lower potential electrode of the coupler is defined by the
ouier metallic ground screen because of the lower con-
ductivity of the semicon layer which has complex fre-
quency dependent characteristics.

The equivalent circuit model of the coupler is shown in
Figure 4. C is the coupler capacitance, which is depen-
dent on the length of the coupler and the cable capaci-
tance per metre C,. R, is the impedance between the
coupler sensor and the metal sheath, which depends on
the resistance of the semicon layer; C, is the stray capaci-
tance between the coupler sensor and the sheath; and R,
is the ‘detecting impedance which is the input impedance
of the measuring circuit. Cy can be determined using

27re(,e .
Co= = (1)

In —
HDO;.

Where D, is the diameter of the insulation (excluding
the thickness of the cable cuter semicon screen); D, is
the diameter of the conductor (including the thickness of
the inner semicon screen); €, is the dielectric constant in
vacuuin, which is 8.85 pF/m; and e, is the relative dielec-
tric constant of the insulation materlal It should be noted
that the approximate coupler equivalent c1rcult has not
taken the influence of the inner and cuter semicon iayers
into consideration. It is well known that the cause of sig-
nal attenuation and distortion in coaxial power cables is
mainly due to the losses caused by the frequency depen-
dant semiconducting screens. The dielectric constant of
the semicon layers of XLPE cabie generally decreases with
increased frequency [23]. However it should also’be noted
that the impedance of the dle}ectnc is much greater than
that of the semiconducting’ Iayers The dlelectrlc is much
thicker and therefore has a much lower. capacitance per
unit length than the semicons: The 'dielectric has_a. much
lower dielectric constant than the semlcons (generally from
10’s to 1007s), and the diclectric has much lower conductiv-
ity than the semiconducting layers [24]. Consequenlly the
discharge current causes a veltage drop mainly across the
cable dielectric. Due to the short length of the coupler

+
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cable section (100 mm in this case), the influence of the
semicon layers on the sensor signal characteristic is also
small. Furthermore, the dielectric constant of the insulat-
ing material, such as polyethylene, varies by less than 0.5%
over the frequency range from 60 Hz to 10 GHz, there-
fore the cable distributed capacitance is generally a true
“constant’ {251,

For long cable sections and cable joints rather than the
short coupler section, however, the high frequency attenu-
ation caused by semicon layers does play an important
role. For example, it affects the detection sensitivity of the
couplers, as discharge pulses will decrease in magnitude
and distort in waveform with fonger rise time and width,
when it reaches the coupler.

3.2 QUANTIFICATION OF THE
CAPACITIVE COUPLER

Quantification or sensitivity checks can be achieved by
injecting calibration pulses into the system and comparing
the measured amplitude from the detector output with the
injected charge. This may lead to quantification results,
which not only depend on the charge of the injected pulse,
but also on its wave shape, and consequently the fre-
quency spectrum of the pulse which reaches the detector.
It has also been found that the sensor characteristic has a
major effect on the sensor response [17]. Several calibra-
tion methods for non-conventional PD measurement sys-
tems have been proposed [17].

QUANTIFICATION FROM A CABLE
TERMINATION

Step waves from a pulse generator, in series with a ca-
pacitance of 6 pF, were injected into the cable termina-
tion between the HV conductor and the ground. The step
wave had a rise time of 1 ns but different amplitudes were
applied. The injected charge can be approximately taken
as the step wave amplitude multiplied by the 6 pF capaci-
tance. Figure 5 shows the relationship between the cou-
pler 1 output amplitude and the injected charge. A nearly

25 r ‘ ; : . j
A

3.21

'y —* N
=1 ot k=

coupler amplifude (mV)

o

Q 5 10 15 20 25 30 35
calibration charge (pC)
Figure 5. Coupler calibration from a cable termination.
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linear relationship exists, and the quantification result is

approximately 0.7 mV(pC)~!. The nearly lincar relation-

ship might be explained as the coupler transfer impedance

is constant and the injected charges have the same fre-
- quency characteristics but different magnitudes.

Attenuation within the cable system may reduce the cal-
ibration signal and alter its wave shape before it reaches
the coupler, which will consequently introduce quantifica-
tion errors. The nature of this method makes it unsuitable
for on-line calibration of in-service cable joints.

If an extra cable joint, similar to the one to be assessed,
is available, it would be possible to use it for quantifica-
tion by cutting its cable very close to the joint and inject-
ing a voltage pulse in series with a known capacitance di-
rectly into the cable core [17). A coupler installed on the
other side of the extra cable joint can then measure the
calibration pulse. In this way the attenuation or distortion
of the injected pulse would be less significant compared
with quantification through a distant cable termination.
Obviously this method still is not an on-line quantification
approach for the capacitive coupler.

3.2.2 QUANTIFICATION ACROSS TWO
CAPACITIVE COUPLERS

If two capacitive couplers are installed on either side of
the cable joint, one can be used to inject a calibration
pulse that can be detected using a second coupler. From
the equivalent circuit for capacitive coupler, the principle
of this quantification method is detailed in Figure 6. The
coupler capacitance C can be calculated using Equation
1. For this experiment, the capacitance of the 132 kV ca-
ble section was calculated to be 270.6 pFm ™',

Considering Figure 6, if the influences of the stray ca-
pacitance and resistance are ignored, the injected charge
can be estimated as the pulse generator output magnitude
is multiplied by capacitance C. A step wave from the pulse
generator with a magnitude of 5V and rise time of 1 ns,
was injected into coupler 2, for a range of coupler 2 sen-
sor lengths equivalent to different cable capacitances. Fig-
ure 7 shows that a generally proportional relationship ex-
ists between the output magnitude of coupler 1 and the
sensor length of coupler 2.

....cable and joint

coupler |

Figure 6. Principle of calibration through another coupler.
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Figure 7. Influence of coupler sensor dimensions on calibration.

Step waves from the pulse generator, with a 1ns rise
time but with different amplitudes, were then injected into
coupler 2. In this case, the length of the coupler sensor
was 40 mm equivalent to a cable capacitance of 10.8 pF.
Figure 8 shows the relationship between the output am-
plitudes of coupler 1 and the approximate injected charge:
A nearly linear relationship exists, and the quantification
result is about 0.97 mV{pCQ)~!. -

Figure 9 shows the coupler 1 output waveform due to a
step wave with rise time of 1 ns and magnitude of 5V
injected into coupler 2. There are reflected pulses in the
coupler output signal, and investigation indicates that
these reflections cccur at the two cable terminations.

In principle this method can only provide an approxi-
mate quantification result, as the calibration signal is in-
jected into a coupler rather than the cable core. However,
it might provide the only acceptable practical solution to
on-line capacitive coupler quantification.

60

o
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B
o

coupler amplitude (mV)
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(=] Q
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calibration charge (pC)
Figure 8. Calibration results using another coupler.
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Figure 9. Coupler response to a calibration pulse from another
coupler.

3.3 INTERNAL DISCHARGE
DETECTION USING CAPACITIVE
COUPLER

A HV was applied to the joint in order to generate PDs
due to the presence of conducting paint within the joint.
The PD inception voltage was found to be 34 kV. Figure
10 shows the coupler 1 output signal and the relevant dis-
charge quantity obtained by conventional electrical detéc-
tion. Discharges with magnitude greater than 3 pC can be
detected by the capacitive coupler. In this case the sensi-
tivity of the capacitive coupler output was found to be
around 1.6 mV(pC)~". Considering the quantification re-
sult of 0.7 mV{pC)~! from the cable termination and 1.0
mV(pC)~! from injection via a second coupler, errors ex-
ist for either of the proposed methods. This may be due to
the difference between the real PD pulses and the in-
jected pulses with known pulse characteristics. The atten-
uation is different due to the different pulse propagation
paths for three cases. In theory, the pulses that are in-

discharge
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Figure 10. Practical coupler outputs due to partial discharges.
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Figure 11. Time of flight for couplers installed at the cable joint
system. .

jected into the cable termination and travel through the
termination and cable section suffer the highest attenua-
tion; the pulses injected into another coupler travelling
through the entire cable joint are less attenuated; and the
internal discharge pulses travelling through part of the ca-
ble joint are the least attenuated. This agrees with the’
obtained sensitivity measurements and test results.

In order to determine the discharge pulse travelling
speed within the cable section/joint a step wave was in-
jected into cable termination A (Figure 1), and the time
delay between coupler 1 and 2 was found to be 6.7 ns.
Given that the distance between the couplers is 1.05 m,
the discharge pulse travelling speed for this cable/joint
arrangement was estimated to be 0.157 m(ns)™!. Figure
11 shows the output of two couplers seeing the same dis-
charge pulse. Coupler 1 leads coupler 2 with a time flight
of 3.4 ns, This informatien can be used to provide an ac-
curate estimate of the location of the PD activity.

Figure 12 shows the coupler 1 output waveform and
frequency spectrum. The frequency components are within
the range of 10 to 300 MHz. There are some reflections
within the coupler waveform. The discharge pulse from
the PD site travelled along the cable in opposite direc-
tions. The coupler detected the pulse travelling to the left
{pulse 1 in Figure 12). The same pulse continued to travel
to the left and was reflected by cable termination A. The
reflected pulse then travelled to the right and was de-
tected again by the coupler (pulse 2 in Figure 12). The
original discharge pulse travelling to the right from the
PD site was reflected by cable termination B, the re-
flected pulse travelled back to the left and later was de-
tected by the coupler (pulse 3 in Figure 12). Analysis of
the time of flights indicate that they agree with practical
individual travelling distances, considering the known dis-
charge pulse travelling speed along the cable system, The
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Figure 12. Coupler waveform and spectrum for a PD within cable
joint.

reflected pulses would continue to travel along the cable
and will be further reflected by the cable terminations,
However, due to the propagation attenuation and reflec-
tion, further reflections are not clearly visible,

3.4 CORONA DISCHARGE DETECTION
USING CAPACITIVE COUPLER

Corona discharges were generated in order to study the
capacitive coupler response to them. A pair of metal scis-
sors were hung from cable termination A upper electrode
(high potential) and pointed at the bottom elecirode
{ground). In this case, the corona inception voltage was 21
kV (below the level required to generate PI) within the
joint) and the discharge level was 250 pC. A similar corona
discharge measurement was also carried out, using alu-
minium wire with diameter of 1mm. In this case the corona
inception voltage was found to be 14 kV and the dis-
charge level was only 30 pC. Figure 13 shows the mea-
sured signal relating to the first case from coupler 1 over
one voltage cycle, and is typical of corona discharge. Fig-
ure 14 shows a single corona discharge waveform and its
relevant frequency spectrum. Compared with the results
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Figure 13. Corona discharge in one voltage cycle.
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Figure 14. Capacitive coupler response to corena discharge.

shown in Figure 12, the coupler output due to corona dis-
charge has a longer time duration and contains lower fre-
quency components. Figure 15 shows the time based sig-
nals for two coupler outputs due to corona discharge.
Comparing the two traces reveals that the source of corona
discharge is from the left side of coupler 1 rather than
between the two couplers. '

The obtained results indicate that if two capacitive cou-
plers are placed on either side of the cable joint under
test, then the discharge pulse shape, its relevant frequency
spectrum, and time of flight can be used to distinguish
between PD puilses from within the cable joint and exter-
nal noise.

4 ACOUSTIC EMISSION
MEASUREMENTS

The source of corona discharge was removed and
acoustic emission sensors were applied to detect PD activ-
ity within the cable joint. Experimental investigation indi-
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Figure 15. Time of flight for two coupler outputs due to corona
discharge.
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Figure 16. Discharge acoustic & electric signals.

cates that the AE sensor is immune to external electrical
interference. Figure 16 shows the discharge acoustic and
electric signals at an applied voltage of 50 kV. The electsi-
cal signals were obtained by conventional clectrical detec-
tion. Partial discharge produces both acoustic and electri-
cal signals, and they relate to each other with a time of
flight which is the time required for the acoustic emission
signal to travel from the PD site to the AE sensor.

To investigate the AE signal attenuation with the cable
joint, a second AE sensor was placed 85 mm away from
AE sensor 1, as shown in Figure 1. When the discharge
level was 15 pC, AE sensor 1 can detect the acoustic emis-
sion signals but AE sensor 2 cannot (Figure 17a). When
the test voltage was increased and a discharge level of 150
pC was obtained, both sensors could detect the acoustic
signals, but with different sensitivities (Figure 17b). The
results indicate that the AE signal attenuation is signifi-
cant within the cable joint, which reduces the PD acoustic
emission detection sensitivity, In addition the attenuation
is highly dependent on the materials used in the cable
joint construction. However, in situations where electric
noise is severe, acoustic emission methods may be more
effective to detect the presence of PD activity rather than
electrical couplers.

The distance from the PD site to the acoustic emission
sensor can be calculated as the multiplication of the
acoustic emission propagation time and velocity. Figure
18 shows the discharge electric pulse and two correspond-
ing acoustic emission sensor output signals. In this case,
the discharge electric pulse is obtained by conventional
electrical detection. The time of flight is 45 ps between
AEFE sensor 1 and the discharge pulse and 93 us between
AE sensor 2 and the discharge pulse. Given that the
acoustic emission wave propagation velocity is 1546 ms™!
in ethylene propylene rubber [18], the obtained results
agree with the practical geometric distances of 68 mm and
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Figure 17. Attenuation of AE signals within cabIe joint. a, dis-
charge level 15 pC; b, discharge level 150 pC.

146 mm respectively of the two AE sensors from the PD
site.

AE sensors have been applied to PD location in power
transformers. Transformers have a relatively regular ge-
omeiry compared to a cable and may be approximated as
a rectangular object. Consequently PD location in three-
dimensional space can be investigated. If three or more
AFE sensors are installed at different positions, then the
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Figure 18, Time of flight measurements using AE sensors.
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three-dimensional distances from the PD site to different
sensors with known co-ordinates can be related using the
acoustic wave velocity and time of flight. Thus a series of

equations can be obtained, which can be solved using a -

least squares algorithm and an iteration method (26]. The-
oretically a similar location method can be applied to a
cable joint. However, compared to a power transformer,
the cable joint has much smaller dimensions and dissimi-
lar acoustic properties. Different insulation materials such
as EPR and XLPE, semiconducting screen layers and
conductors influence the acoustic wave propagation path
and velocity. Therefore, in practice a convenient and fea-
sible location method might be achieved by applying two
AEF sensors and moving them along the cable joint surface
until the peak magnitude signal is obtained and the corre-
sponding time of flight is a minimum. If both signals are
identical then the plane of the PD site is equidistant from
the two sensors.

A combination of PD electrical and acoustic emission -

detection can also be used for discriminating between
partial discharges and noise. For partial discharges, the
electric pulse leads the acoustic pulse with a time of flight,
which corresponds to the propagation time of the acoustic
wave from the PD site to the sensor (Figure 18). For noise,
one of the three cases may apply: the electric pulse has no
related acoustic pulse; the acoustic puise has no related
electric pulse; or no time of flight exists between the elec-
tric and acoustic pulses. Apart from conventional electri-
cal detection, discharge electric pulses can also be ob-

. tained using a non-conventional electrical sensor such as
an inductive current transducer,

5 RFCT MEASUREMENT AND
WAVELET DE-NOISING

In order to detect any discharge current flowing to
ground a ferrite-core radio frequency current transducer
with a small aperture (5 mm) was clamped around the
conductor connecting the cable sheath to the system earth.
The RFCT has a frequency range of 2.5 kHz to 150 MHz.
Figure 19 shows the measured signals. The RFCT output
was amplified by a wide band amplifier which has a fre-
quency range up to 500 MHz and gain of 24 dB. The dis-
charge quantity was obtained by the conventional electri-
cal detection. In this case the signal to noise ratio (SNR)
was found to be low, resulting in a low detection sensitiv-
ity. Only discharges above 90 pC were detectable, The
SNR can be improved using appropriate filtering tech-
niques.

Many existing discharge signal de-noising methods are
based on the fast Fourier transform (FFT), where analysis
of PDs is obtained using frequency information. The spec-
tra of noise can be scen as sharp lines with peak values at
respective frequencies, which can be minimised by apply-
ing a suitable threshold. An inverse transform is then ap-
plied to obtain filtered time-based data. However, a dis-
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Figure 19. PD detection using RFCT.

charge pulse covers a wide range of frequencies. There-
fore, when noise at certain frequencies is reduced, some
components of PD signal itself may be lost through con-
ventional filtering. Moreover, the FFT algorithm is based
on a deterministic data set. De-noising methods devel-
oped using the FFT are therefore limited in processing
PD signals that are stochastic in nature [27],

Due to the limitation of the conventional de-noising
methods using Fourier transforms, the wavelet transform
is becoming popular in signal processing. Discharge sig-
nals and random noise may have different behaviour un-
der a wavelet transform. For filtering, the signal is de-
composed into a series of approximation and detail co-
efficients at various scales. Thresholding of wavelet co-
efficients is then conducted by retaining the wavelet coef-
ficients corresponding to discharge events and discarding
all noise coefficients. Finally PD signals are reconstructed
using‘the modified approximation and detail co-
efficients. For wavelet de-noising, the selection of the -
wavelet basis function (wavelet family) and the selection
of thresholding method are important. There are various
wavelet families, such as Haar, Daubechies, Biorthogonal,
Coiflets, Symlets, Morlet, Mexican Hat, and Meyer
wavelet. Usually one of two thresholding methods are
used: “soft” or “hard” [27]. E

Among all wavelet families Daubechies wavelet com-
bined with soft thresholding have been widely applied to
PD-related studies [28,29]. Work by the authors has also
been undertaken on the performance of different wavelet
families and thresholding methods. Daubechies db2
wavelet (2 denotes the wavelet order) and the soft thresh-
olding method have been found to provide the best re-
sults, Figure 20 shows the RFCT signals after de-noising
and the relevant discharge quantity obtained by conven-
tional PD detection. The SNR has been improved, and
discharges of 30 pC can now be recognised. Certainly
wavelet post-processing is not only applicable to RFCT
measurements. [t could also be applied to other PD de-
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Figure 20. Wavelet de-noising of RFCT signals.

tection approaches where levels of background noise are a
significant problem.

An EMCO® ferrite core RFCT (model 93686-5) was
also applied. It has a frequency range of 10 kHz to 200
MHz, and an aperture of 67 mm., The RFCT is a split
type, therefore it can be applied without interrupting the
circuit. Figure 21 shows the detected PD signals. The
RFCT output was also amplified using the same wide band
amplifier as the small aperture RFCT. The discharge
quantity was obtained by conventional electrical detec-
tion. The detection sensitivity for this RFCT is about 20
pC, which is much higher than the fesult obtained using
the small aperture ferrite RFCT. Consequently in this case
the developed wavelet-de-noising technique was not con-
sidered to be necessary, . o

Figure 22 shows a RFCT detected discharge waveform
and its relevant power spectrum. The frequency compo-

nents extended to 100 MHz but were dominant below 40
MHz. -

The RFCT was also used to detect corona discharge. A
sharp point was placed at the high voltage coupling capac-

5
£
@
o
2
o - : .
'-” ’ - 20‘
. 50~ TE ~
& G .
=3 o
T
ERN
=
g
E 50 ——— Calibration puise—___
- ‘ A — 1
0 5 10 15 20
C e time (ms)

Figure 21."PD detection using EMCO RFCT.
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Figure 22. RFCT PD signal and frequency spectrun:l.

itor and pointed toward the earth. In this case, the corona
inception voltage was 15 kV and the discharge level was
35 pC. Figure 23 shows the RFCT detected signals and
the discharge quantity obtained by the conventional elec-
trical detection, which indicates the typical characteristics
of corona discharge.

6 CONCLUSIONS

A comprehensive investigation and comparison of ap-
plying capacitive couplers, acoustic emission sensors
and radio frequency current transducers to PD detection
within XLPE cable joints has been undertaken. Quantifi-
cation or sensitivity checks for a capacitive coupler was .
realised by injecting a very high frequency calibration pulse
into either the cable termination or into another capaci-
tive coupler. Quantification using two capacitive couplers
may provide the only practical solution to on-line quantifi-
cation. An equivalent circuit for this quantification method
has been established.

—

%‘10 RFCT
E OWWHMWMWWWWW AN
§-10 ‘ ' .
0 5 10 15 " 20
50 —

magnitude({pC})
=

- Calibration puise —

0 5 10 15 20
time (ms)
Figure 23. Corona discharge in one voltage cycle detected by RFCT.
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Discharge levels of 3 pC can be detected using a capaci-
tive coupler, indicating high detection sensitivity using this
method. Location of the PD site can be realised by
analysing the time of flight from two or more capacitive
couplers. Obtained results indicate that the coupler out-
put pulse shape, relevant frequency spectrum, and time of
flight traces may be used to distinguish between internal
discharges from the cable joint and external sources of
noise. The capacitive coupler can be influenced by exter-
nal interference; thus it needs to be well shielded and if
necessary obtained signals might require filtering. A dis-
advantage of this approach is that part of the cable metal
screen has to be removed in order to implement the cou-
pler sensor.

PDs produce both electric pulses and acoustic emission
waves, and they relate to cach other with a small time
delay that is the required time for the AE wave to travel
from the PD site to the sensor. The acoustic emission ap-
proach has the advantage of being free from electrical in-
terference, especially when PD measurements are carried
out on site. Acoustic location of a PD site was investi-
gated by analysing the time of flight between the dis-
charge electric pulse, and different AE sensor outputs. The
major disadvantage of this approach is the significant at-
tenuation of the AE signal within the cable joint, which
influences the AE detection sensitivity. The attenuation
also makes it difficult to quantify AE signal magnitude
(mV) with discharge apparent quantity (pC). Initially a
ferrite core RFCT with a small aperture was used to de-
tect the discharge current flowing through it. Obtained re-
sults indicate that the detection sensitivity is low, as only
discharges above 90pC were detectable. A wavelet trans-
form was then applied to process the obtained signals.
Through wavelet de-noising the SNR was improved such
that discharges of 30 pC could be observed. An EMCO®
split ferrite RFCT with a large aperture was also applied
io detect the discharge current. Results indicated that in
this case the detection sensitivity increased to 20 pC with-
out the need for additional signal processing. The RFCT
is aiso influenced by external interference. However, this
method has an obvious advantage that it is very easy to
apply and no modification of the cable/joint system is re-
quired.

The results of this work should assist in the develop-
ment of a comprehensive and effective PD on-line moni-
toring system for cables and cable accessories.
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